The childhood cancer neuroblastoma arises in the developing sympathetic nervous system and is a genotypically and phenotypically heterogeneous disease. Prognostic markers of poor survival probability include amplification of the MYCN oncogene and an undifferentiated morphology. Whereas these features discriminate high-from low-risk patients with precision, identification of poor outcome low-and intermediate-risk patients is more challenging. In this study, we analyze two large neuroblastoma microarray datasets using a priori-defined gene expression signatures. We show that differential overexpression of Myc transcriptional targets and low expression of genes involved in sympathetic neuronal differentiation predicts relapse and death from disease. This was evident not only for high-risk patients but was also robust in identifying groups of poor prognosis patients who were otherwise judged to be at low-or intermediate-risk for adverse outcome. These data suggest that pathway-specific gene expression profiling might be useful in the clinic to adjust treatment strategies for children with neuroblastoma.
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neuroblastoma ͉ pathway analysis ͉ MYCN ͉ Myc ͉ differentiation N euroblastoma is the most common solid extracranial childhood malignancy and accounts for Ϸ15% of all childhood tumor-related deaths (1) . The neuroblastoma cells stem from immature or precursor cells of the sympathetic neuronal lineage, and the tumors locate to sites in which sympathetic neuroblasts are found during development, that is, sympathetic ganglia and the adrenal gland (2) (3) (4) . Phenotypically as well as clinically, neuroblastoma shows considerable heterogeneity. Several critical genetic aberrations have been identified but there are few established molecular markers that associate with outcome, the most important being amplification of the MYCN locus, present in Ϸ20-30% of all cases, and strongly related to poor clinical outcome (5, 6) . Also related to advanced disease and adverse outcome are deletions of chromosomal material on 1p, 11q23 (7) and gain of 17q (8) , but despite extensive efforts, no bona fide neuroblastoma-related tumor suppressors or oncogenes have been identified currently at these regions. Another feature related to patient survival is the degree of tumor cell differentiation, which histopathologically ranges from undifferentiated small blue (neuroblastoma) in aggressive tumors, via larger intermediately differentiated (ganglioneuroblastoma), to highly differentiated nondividing cells of ganglioneuromas, which are considered benign tumors (9) . Furthermore, a study using a small number of tumors and few marker genes reported a positive correlation between high expression of neuronal differentiation marker genes and favorable outcome (10) , an observation also supported by microarray studies (11) .
To date, the most functional guideline for neuroblastoma patient treatment and outcome is the risk grouping according to the Children's Oncology Group (COG) (6) . This system incorporates tumor stage per the International Neuroblastoma Staging System (INSS), MYCN amplification status, histology according to Shimada (12) , and tumor cell ploidy. These guidelines effectively identify high-risk patients, characterized by disseminated disease, frequent MYCN amplification, poorly differentiated tumor cells, and survival probabilities of Ͻ40% despite intensive multimodal therapies.
Several microarray studies on global gene expression of neuroblastoma specimens have been published using different technical platforms and analysis methods (11, (13) (14) (15) . However, the overlap in identified expressed genes with prognostic information between these studies is low. In an interesting recent study, the prognostic impact of previously published gene expression markers for patient outcome was tested by microarray analysis (16) . As with the COG risk grade system, it was relatively straight-forward to differentiate high-risk from low-risk tumors; however, the identified markers gave little information regarding outcome of patients with low-and intermediate-stage disease, which is a major clinical issue. In the present study, we have taken an alternative computational approach using a priori biological knowledge and analyzed the data from two clinical neuroblastoma microarray studies (13, 15 ) from a pathway perspective. The analyses presented here were carried out by using gene expression signatures correlating to two important features of aggressive neuroblastoma: MYCN amplification and stage of differentiation. The results showed that poor outcome neuroblastoma, as well as all MYCN-amplified cases, has elevated signaling through the Myc transcriptional network (Myc, MycN, and MycL target genes) and low expression of lineage marker genes relating to late neuronal differentiation. Interestingly, these gene expression traits were not only present in high-risk tumors, but also in patients with tumors initially diagnosed as low or intermediate risk that ultimately had an adverse outcome.
Results

Strength of Myc Up-regulated Signaling Predicts Clinical Outcome
Independently of MYCN Amplification. One of the most important prognostic factors in neuroblastoma is amplification of the MYCN oncogene. However, the role of the functional MycN protein as a transcription factor in neuroblastoma tumor progression is less clear-cut (17) (18) (19) (20) . To investigate MycN down-stream transcriptional effects on neuroblastoma behavior, we generated a gene expression signature of Myc-dependent transcription based on the entries in the Myc target gene database (21) (www.myccancergene.org) [supporting information (SI) Methods and Table S1 ]. The transcriptional effects of Myc and MycN appear largely redundant (22) (23) (24) , and validation of the Myc pathway profile, defined here, with regard to MycNregulated transcription was established by rank sum calculations in two independent in vitro MYCN overexpression studies, showing increased pathway activity already after eight hours (25, 26) (Fig. S1) .
Myc signaling strength, defined as high expression of Myc, MycN, and MycL target genes, was analyzed in the Oberthuer neuroblastoma microarray dataset (13) by using rank-based pathway activity scores for the created Myc target gene signatures; these quantitative measures were then correlated to clinical factors. As expected, Myc-dependent transcriptional targets were significantly overexpressed in the MYCN-amplified tumors (n ϭ 33) compared with nonamplified tumors [n ϭ 217; 1.4-fold difference, P Ͻ 0.001, (Fig. 1A) ]. This difference was significant both with respect to Myc-up-regulated and Mycdown-regulated signaling; however, the magnitude of difference was larger for Myc-up-regulated compared with Myc-downregulated signaling (1.7 vs. 1.2 fold, P Ͻ 0.001 and P Ͻ 0.001, respectively) (Fig. S2) . Interestingly, among the tumors harboring MYCN amplification, there was no apparent linear dependence between MYCN gene copy number [as determined by a standardized Protocol for Fluorescence in situ Hybridization (FISH) protocol (13) ] and strength in Myc-signaling. Rather, it seemed that Myc-signaling reached a plateau level and additional MYCN copies did not increase the strength of total signaling in the Myc downstream regulatory cascade (see Fig. 1B and Fig. S2 ). Moreover, in several non-MYCN amplified tumors, the Myc signaling level reached this plateau (Fig. 1B) , and high Myc signaling correlated to high INSS tumor stage and high COG risk ( Fig. 1 C and D) . Again, this trend was stronger for the Myc-up-regulated compared with the Myc-down-regulated gene signature (Fig. S2) ; consequently, in further analyses of Myc signaling, only the Myc-up-regulated gene signature was considered. To analyze the impact of Myc-induced signaling on patient outcome, we divided the tumor data into quartile groups based on the Myc-up-regulated pathway activity score. Kaplan-Meier analyses of the Oberthuer data using these quartiles showed significant correlation to patient outcome, both when using event-free survival (EFS) (P Ͻ 0.001, Fig. 1E ), and overall survival (OS) (P Ͻ 0.001, Fig. 1F ) as the measured endpoint. Interestingly, extremely high Myc signaling (4 th quartile; 75-100%) was to a large extent associated with incurable disease (Fig. 1F ). Of these tumors (n ϭ 63), as many as 50% were non-MYCN amplified (Table S2 ), suggesting that tumors with Myc-signaling over a certain level are treatment-resistant. The correlation between high Myc-up-regulated signaling and poor patient prognosis was confirmed when assessing the same calculations for the Wang data [EFS: P Ͻ 0.001, (Fig. 1G) ; OS: P Ͻ 0.001, (Fig. 1H) , and ( Fig. S3) ]. Myc-up-regulated pathway activity score was tested as a continuous variable and found to be highly predictive of both patient EFS and OS both for the Oberthuer (EFS: P Ͻ 0.001, HR ϭ 12.3, 95% CI 6.7-22. Table S3 ). In the Wang data, this was not significant at the 0.05 level (P ϭ 0.09), probably because this patient cohort was selected to have a large proportion of MYCN-amplified cases (Fig. 1I , OS: see Table S3 ). Taken together, these analyses clearly show that Myc signaling is proportionally correlated to tumor aggressiveness, suggesting that the activity of the Myc gene regulatory pathway carries prognostic information independently of **High hazard ratios are a consequence of the narrow variable range. shows that increasing strength of Myc signaling proportionally correlates to adverse patient outcome, when scoring either event-free survival (EFS) (P Ͻ 0.001, log-rank test) (E), or overall survival (OS) (P Ͻ 0.001, log-rank test) (F). These results were corroborated in an independent dataset of 101 tumors (15) (Wang) (EFS, P Ͻ 0.001, and OS, P Ͻ 0.001, log-rank tests) (G and H). (I) Cox's proportional hazards models (EFS) show for both datasets that Myc up-regulated signaling is a prognostic factor independently of MYCN amplification status.
MYCN amplification status. Regarding contributions of individual Myc genes, MYCN expression was high in MYCN-amplified tumors and as shown here correlated to Myc pathway activity score. In non-MYCN amplified cases, the picture seemed more complex. Our data suggest contributions from all Myc-family members and also associated factors such as SKP2 (28) (Fig. S4) . This trend was also evident when looking at the highest Mycsignaling tumors only (Fig. S5) .
Late, Mature, Sympathetic Neuronal Differentiation Predicts Favorable Outcome. One important histological feature of high stage, aggressive neuroblastoma is lack of neuronal differentiation (12, 27) . To investigate the prognostic value of neuroblastoma differentiation status from a pathway perspective, we constructed two gene expression signatures based on our own experience and a review of the literature (2-4, 28-33). One signature represented early, neural crest-associated gene expression and the other late neuronal sympathetic differentiation. By calculating pathway activity scores for these transcriptional signatures, we investigated the correlations of early and late neuronal differentiation-related gene expression to neuroblastoma outcome. Pathway activity scores for the early differentiation gene expression signature (Table S4 , n ϭ 7) did not show any correlation to stage, risk, or MYCN amplification in either the Oberthuer or the Wang datasets (Fig. S6) ; however, a weak negative correlation was seen to the late differentiation signature (Fig. S6) . In contrast, pathway activity score calculations for the late differentiation signature (Table S4 , n ϭ 9) over the tumors in the Oberthuer data showed that high stage tumors generally had lower expression of these marker genes, as compared to low stage tumors ( Fig. 2A) . Pathway activity scores based on these genes also showed a negative correlation to risk and a negative correlation to MYCN amplification status (Fig. S7) . No correlation between differentiation marker pathway activity score and specific MYCN gene copy number was seen for MYCNamplified tumors (Fig. S7) . Instead, a strong negative correlation to Myc-induced signaling [r ϭ Ϫ0.7, P Ͻ 0.001, (Fig. 2B)] was seen, where all MYCN-amplified tumors in the Oberthuer dataset (n ϭ 33) showed a below-median pathway activity score for the late differentiation profile. No correlation to Myc-induced downregulation was seen (data not shown), suggesting that downregulation of sympathetic marker genes is not under Myc transcriptional control. In the Oberthuer clinical data, low expression of the late neuronal differentiation markers, as determined by grouping tumors based on pathway activity score quartiles, correlated to both decreased event-free survival (P Ͻ 0.001, Fig. 2C ) and poor overall survival (P Ͻ 0.001, Fig. 2D ). These findings were corroborated in the Wang data [EFS: P Ͻ 0.001, (Fig. 2E) , OS: P Ͻ 0.001, (Fig. 2F) , and (Fig. S8)] . As for the Myc-induced transcriptional profile, analyses of late neuronal differentiation pathway activity scores as a continuous variable was highly predictive of patient EFS and OS both for the Oberthuer (EFS: P Ͻ 0.001, HR ϭ 0.50, 95% CI 0.41-0.62; OS: P Ͻ 0.001, HR ϭ 0.41, 95% CI 0.32-0.54; variable range: Ϫ3.15-1.08) and the Wang (EFS: P ϭ 0.004, HR ϭ 0.20, 95% CI 0.07-0.60; OS: P Ͻ 0.001, HR ϭ 0.15, 95% CI 0.04-0.51; variable range: Ϫ1.17-0.30) datasets, where low pathway activity score correlated to poor patient outcome. In essence, aggressive neuroblastomas show gene expression relating to an undifferentiated tumor cell phenotype.
Combination of Myc and Differentiation Signatures Identify Patient
Subgroups with Differential Outcome. To examine combinatorial effects of Myc-signaling and stage of differentiation in an unsupervised fashion, pathway activity scores were grouped by using hierarchical clustering, similar to methods used when analyzing gene expression. Analysis of these two variables organized the tumors in the Oberthuer dataset into nine clusters, as identified using node correlations (Fig. 3A) . The majority of MYCN-amplified tumors grouped into cluster 9, characterized by robust Myc signaling in combination with very low differentiation, and, as expected, this cluster related to poor patient outcome, both when looking at event-free survival and overall survival ( Fig. 3 B and C) . Similarly, cluster 8 also had low differentiation and high Myc signaling and contained many high stage, high-risk patients. Interestingly, patients in this cluster suffered recurrences and disease progression despite initial therapy (Fig. 3B) ; however, most benefited from post-recurrence treatment and few succumbed to disease (Fig. 3C) . Two other interesting clusters (5 and 6) with poor prognosis were identified ( Fig. 3 B and C) . Cluster 5 included some MYCN-amplified cases and tumors had high Myc signaling, but median differentiation. Conversely, cluster 6 showed very low differentiation and median Myc signaling. This suggests that the estimation of both Myc signaling and differentiation stage is informative regarding patient outcome independent of each other. The Myc signaling and differentiation clustering method was also informative in the Wang data (Fig. 3D) , where most high-risk cases were grouped into clusters 5 and 6. These two clusters featured high Myc signaling in combination with low differentiation (Fig. 3 E and F) .
Activation of Myc Signaling and Low Expression of Neuronal Differentiation Genes Predicts Outcome in Low-and Intermediate-Risk
Patients. The observation, that the strength of Myc-induced signaling was a prognostic factor independently of MYCN am- plification, prompted us to test whether this feature and stage of neuronal differentiation could predict patient outcome for lowand intermediate-risk patients. The Oberthuer dataset contained 177 low and intermediate risk patients, of which four were MYCN amplified. All together these patients suffered 31 unfavorable disease-related events, and five died because of the disease (Table S5 ). Using the pathway activity score of quartile groups created when analyzing all patients, Kaplan-Meier estimates did indeed show that both strength of Myc signaling and stage of differentiation were proportionally correlated to patient event-free survival (Fig. 4 A and C) and to overall survival (Fig.  4 B and D) . Again, analyzing these factors as continuous variables in an univariate Cox regression model using EFS as the endpoint (OS was not evaluated because of the low number of poor outcome patients) showed that patient prognosis was significantly dependent on Myc signaling strength and stage of differentiation (Myc signaling: P Ͻ 0.001, HR ϭ 42.2, 95% CI 13.6-131.6; Late differentiation: P Ͻ 0.001, HR ϭ 0.46, 95% CI 0.32-0.66). In multivariate Cox's proportional hazard models for EFS using MYCN amplification, INSS stage (high or low), COG risk, and either Myc signaling quartiles or stage of differentiation quartiles as covariates, the latter two came out as the only significant factors (Fig. 4E) . Of notable interest, a large proportion of low and intermediate risk patients in the Oberthuer data that suffered unfavorable events (16 of 31) had Myc signaling strength grouped to the fourth quartile; the same quartile as most MYCN-amplified cases (Table S5) . Correspondingly, several of these cases were grouped to the first and second differentiation pathway activity score quartiles (7 and 11, respectively). These criteria thus define a low and intermediate risk patient subgroup that share characteristics of aggressive high stage, high-risk tumors (Fig. 5) . In the Wang data, only one low risk and two intermediate risk patients suffered relapse, and none of these patients died during the follow-up time. Interestingly, these three patients displayed high Myc signaling or low differentiation (data not shown).
Conclusions
Using high-throughput gene expression analysis of neuroblastoma tumor specimens, a number of studies have defined gene expression signatures capable of dichotomizing favorable vs. poor outcome patients (11, 13, 16, 34, 35) . However, these studies have not been able to highlight useful targets for therapeutic intervention and one contributing fact to this dilemma might be that the resulting signature gene lists have little overlap. In this report, we have tested the hypothesis that quantitative analysis of deregulated pathways, rather than deregulated expression of single genes, would be more informative regarding clinical outcome of neuroblastoma patients. Thus, our aim was not to find an optimal gene expression classifier.
Even though amplification of the MYCN oncogene has strong clinical impact (5), high levels of MYCN mRNA or protein in neuroblastoma only seems to correlate to poor outcome in specific patient subsets (17) (18) (19) (20) . The molecular basis for these counterintuitive results is at present unclear. However, as we show here analysis of overall Myc signaling (increased expression of Myc/MycL/MycN target genes) provides strong prognostic information. Contrary to the binary effect of MYCN amplification on patient outcome, that is, importance of amplification rather than specific gene copy number, Myc signaling shows a more linear correlation to outcome, as confirmed by univariate Cox analysis. Taken together our data clearly demonstrate that activation of the Myc pathway contributes to neuroblastoma aggressiveness.
Morphologic differentiation to ganglioneuromatous histopathology has for decades been recognized as a positive prognostic sign in neuroblastoma (27, 36) , but the clinical impact of this knowledge has so far been limited. Here, we demonstrate that poor outcome neuroblastomas with few exceptions show a combined low expression of differentiation marker genes despite differences in genetic background and tumor spread at diagnosis. The reason for the low expression of sympathetic neuronal marker genes in these tumors could in part be that the differentiation stage at tumor initiation is mirrored, but could also be caused by the surrounding microenvironment, for example, hypoxia (30, 37) . The negative correlation seen between Mycinduced signaling and stage of differentiation (Fig. 2B) is interesting and suggests a causal link; although, it has been shown that MYCN-overexpressing cells can retain their capacity to differentiate (38) . The issue is complicated by the observation that MycN expression during normal sympathetic development is associated with differentiation rather than with proliferation (39) .
Recently several studies investigating deregulation of signaling pathways, rather than the importance of expression of individual genes, as central to cancer aggressiveness have been published (40) (41) (42) (43) . These observations are particularly interesting in light of the development of small inhibitory molecules able to inhibit individual pathways, and it has been shown that pathway analysis can be used to identify appropriate targets for therapeutic intervention (40) . In the case of neuroblastoma being an extremely heterogeneous disease, quantitative assessment of pathway involvement hold clinical promise (26, 44) . In the present contribution, we demonstrate that a combined analysis of Myc signaling and stage of differentiation can provide independent and complementary information regarding patient outcome (Fig. 3) . In particular, these analyses were useful for identifying aggressive neuroblastomas that are initially diagnosed as low or Table S1 ). Based on literature data, two gene expression signatures pertaining to sympathetic neuronal differentiation were constructed; one signature of genes highly expressed in differentiated neuronal sympathetic cells (n ϭ 9), and one signature containing neural crest marker genes (n ϭ 7) (3, 4, 28 -30) (Table S4 ). The gene expression signatures are described further in SI Methods.
Pathway Activity Score Calculations. The activities of the Myc and differentiation pathway gene expression signatures were quantified by defining a rank-based pathway activity score. Genes were ranked according to decreasing expression levels for each microarray separately. The ranks of the genes in a signature were summed up for each tumor. For each gene signature, the rank sums were divided by the average rank sum for the cohort, followed by log2 transformation, thus giving a cohort-comparative score for each tumor. A pathway activity score of zero corresponds to cohort average activity for the pathway, a positive value corresponds to above cohort average activity, and a negative value corresponds to below average activity. For the Myc downregulated signature ranks were inverted to give a comparable measure of strength of down-regulation. A score for total Myc transcriptional activity was calculated by adding the Myc up-and down-regulated rank sums normalized to number of genes in the transcriptional signature. Statistical Analyses. For survival estimates based on dividing patients by quartiles, the entire patient cohort was used, even when subgroups were analyzed. For unsupervised cluster analyses, Myc up-regulated and mature differentiation pathway activity scores were clustered using average linkage and Euclidian distance. All statistical and pathway activity score calculations were performed by using R (www.r-project.org) or SPSS 12.0 (SPSS Inc.). Two-sided Student's t tests were used for between group analyses.
